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FOREWORD 

This final report presents the results and conclusions of the Study of 

Infrared Emission in Heated Air carried out by the Aerodynamic Research 

Department of Cornell Aeronautical Laboratory.    The research was supported 

under Army Ordnance Prime Contract DA-11 - 022-ORD-3 130 by Subcontract 

SD-59-2,   Purchase Order C 303681  G,   from the Bendix Aviation Corporation. 

It is the fourth report on this program,   having been preceded by CAL Report 

Numbers  QM-1373-A-1,   QM-1373-A-2,   and QM-1373-A-3,     with the  same 

title.     It is understood that this  research is to be continued under the direct 

sponsorship of AROMA. 

The relationship of the radiation measurements contained herein to 

re-entry has been reported in the Proceedings of the   recent AMRAC meeting 

in Denver,   Colorado,   May 1961. 

QM- 1373-A-4 



ABSTRACT 

This  report presents the results of a research program whose objective 

is to formulate a comprehens.ve picture of the radiate fron, re-entry bodies 

The   program i8 d.vided into two phases:      the experimental determ.nat.on of 

the  radiative propert.es of the optically-active gaseous species,   and the 

analysis of the blunt-body flow Held,   in which the flnite rate chemistry   of ^ 

air is  coupled with the aerodynamics of the flow. 

Two parUcular rad.at.ng systems were studied,   and the  results are  re- 

ported herein.     Measurements have been ccmoleted on the continuum radiate 

from the recombination reaction NO + O   -^ ^ + ^     in ^ wavelength 

range  0. 5 to  1. 0 microns.     The value of the  rate constant at 3750»K,   k    = 

4.4 x  105 cm3 mole'1   sec"1,   is some ZO times lower than that measured at 

room temperature.     The spectral intensity of this   radiation is presented. 

The spectrum of the first positive band system of nitrogen between 0. 7 

and 1. 5 m.crons has been obtained.     Absolute intensities are presented for a 

range of temperatures and densities.      The temperature-dependence of the 

radiation is sho.n to be in good agreement with predicted values.     The results 

of this  work are compared with those of Keck,   et al  (Annals of Physics  7,   1, 

(1959)  ) which were based on measurements  made in a,.       The measured mten- 

sities from pure nitrogen are shown to be less by a factor of five. 

The solution for the inviscid.   nonequilibrium flow around blunt axisym- 

metr.c  bodles  (i. e.   the  bow shock solution) has been programmed for an IBM- 

704 computer.     In addition,   a  s.müar finite-rate normal-shock soluUon has been 

i i 
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programmed to study the overall characteristics of the relaxation process behind 

shock waves.     The thermodynamics and chemical kinetics included in the 

numerical solutions are discussed.    Typical results obtained from the normal 

shock program are presented. 

Two bow-shock solutions are presented:     a typical high-altitude re-entry 

condition (i. e.   M = 22 at 200, 000 feet altitude) and a hypersonic tunnel test 

configuration.     The rapid expansion of the flow from a high-temperature 

reservoir in hypersonic test facilities may introduce nonequilibrium phenomena 

in the expansion nozzle.     These effects will,   in turn,   have an influence on the 

shock layer around a model in the expanded flow.     A finite-rate expansion solution. 

developed at Cornell Aeronautical Laboratory,   was used to obtain the 

expanded flow conditions.     These nonequil.brium results were then used as  inputs 

to the bow shock solution.     For both cases,   the calculation was carr.ed approximately 

65°  off the centerline and the computed body shapes closely resembled a circle. 

The  results for the  re-entry case  indicate the entire  shock layer to be in a 

state of nonequilibrium at a high translatxonal temperature.     Results for both 

examples are  presented in graphical form and are discussed in detail. 

111 QM-1373-A-4 
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INTRODUCTION 

The purpose of this research is to obtain a comprehensive and quantita- 

tive understanding of the infrared radiation from the heated air surrounding 

re-entry bodies.    The program involves the detailed spectral measurements 

of the pertinent radiating species and an analysis of the aerodynamic flow 

field around the body. This analysis takes into account the finite-rate 

chemistry of the heated air.   and provides the concentration profiles of the gaseous 

constituents and the local thermodynamic properties in the flow field. 

Three earlier progress  reports1"3 contain details concerning the sub- 

d^s.on of the overall project into its  respective phases,   the considerate 

wMch have determined the method of attack on each phase,   and a description 

of the equipment involved on all phases.     Consequently,   these items will be 

d.scussed here only to an extent consistent with general completeness. 

The program has been div.ded  into two areas.     The first involves quanU- 

tative measurements on the  system of ranting spec.es of air at elevated tem- 

peratures; a machine  computat.on of the  state of the air in the flow field 

surrounding the   re-entry bodies  constitutes the second ph^e.     The  combination 

of these two phases wm allow the composite rad.aUon picture to be calculated 

for re-entry syste.s.     A portion of the  second phase involves the  study of the 

chem.cal kinetic   rates necessary to couple the complex chem.stry of the 

heated air with the aerodynamic flow problem. 

QM- 1 373-A-4 



The question of the applicability of these  results to nonequilibrium flow 

conflgurations   warrants a brief discussion.     The results of the flow-field analysis 

presented in Section II of this report show,   for example,   that the gases in the 

entire region between the bow shock and the blunt body may be in a nonequili- 

brium distribution.    This is to say that the concentrations of the various  species 

which make up the heated air are not those which would be obtained from a 

chemical-equiHbrium analysis at the local temperature.     This is due to the 

finite  rate at wh.ch the  reactions occur in the flow.       However.   glven the  species 

concentrations and the degree of excitation of the molecules,   the prediction 

of the  spectral radiat.on can still be  reliably made if the trans.tion probabilities 

for the pertinent transitions of the opt.cally-active molecules are known. 

These considerations gave  rise to the bas.c approach made upon the problem, 

which renders the  solut.on applicable to the nonequilibrium problem. 

This  research does not at present treat the case of nonequilibrium  radia- 

tion arising from those  spec.es formed within the shock front in high-energy 

states.     A general experimental approach to that case cannot be  sunply made, 

smce a complete duplication of ambient coupons of density.   composiUon,   and 

velocities are required.     That problem wül receive  special attention in later 

phases of the work. 

Section 1 of this  report deals with the radiaUon phase of the program. 

Exper.mental studies were performed on two separate problems Involving rad.a- 

tion from heated air.    One was  the continuum rad.ation associated with the 

recombination of NO and O atoms into N02.     TMs continuum extends from 

about 4000 Angstroms to  1. 5 m.crons in the near infrared.    Previous^ reported 

measurements4'  ' were confined to the visible reg.on o* the  spectrum,   and the 
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measured rate constants were obtained at room temperatures.     The experiments 

reported herein were designed to measure the absolute intensity of the  radiation 

in the near infrared,   and to obtain a rate constant for the  recombination reaction 

which applies at high temperatures (   <""  3000oK). 

The  second problem was the measurement of the absolute intensity of 

radiation from nitrogen at high temperatures.     The first positive band system 

in the  spectrum of nitrogen extends from the visible through the near   infrared. 

In this wavelength  region,   it is the  strongest of the  radiating species  in heated 

air.       The spectra of nitrogen over a range of temperature and density are 

presented.     The method of data reduction are also described and the  results are 

discussed. 

Section II discusses the machine computation programs  used to calculate 

the state of the gas  surrounding re-entry bodies and behind normal shock waves. 

A general discussion of the thermodynamics and chemistry involved in the 

programs is  presented.     The finite-rate, . normal-shock solution has been 

completely programmed for an IBM-704 computer,   and has a capacity for 10 

species,   40 chemical reactions.     A great variety of test cases have been  run. 

Results are  presented for a typical air calculation using a seven-species,   six- 

reaction kinetic model.     The effect of coupling the degree of vibrational excitation 

with the chemical  reactions is  shown. 

The inviscid bow-shock problem,   employing the inverse  method of 

solution,   has been  programmed fo r the  704 computer,   utilizing  the  large-capacity, 

high-speed core storage  unit.       At the present time,   this program has  a rapacity 

for  10 specietfand 20 chemical reactions.        Several   test   cases   have   been 

completed   with   Ulis   program,    for   both   a   diatomic   gas   and air.      Results   for 
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a typical re-entry vehicle at an altitude of ZOO. 000 feet and a hypersonic tunnel 

configuration are presented, using the same air model employed in the normal 

shock solution. 

It is known that viscous phenomena may effect the flow field around a 

re-entry body in a rarefied atmosphere.      However,    the viscous  effect is not 

important at the outer portion of the shock layer for altitudes of approximately 

200, 000 feet and below.    The  ratio of boundary-layer thickness to shock-layer 

thickness at the  stagnation region of hypersonic vehicles is about one-tenth at 

this upper altitude.       Thus,   the inviscid computation can be used with some 

degree of confidence to predict the chemistry of the  shock layer at an altitude 

of 200, 000 feet. 

CiM-1373-A.4 



SECTION I  -   RADIATION MEASUREMENTS  PHASE 

The need for .he s,„dy of the individual components  ,„ ^ determinat.oii 

of the «diativ, propertie. of a mu1„c„mpo„e„t gaseous mi5tture such as air .. 

elevated temperatures has been stressed in th* ^^0   • 2  1 
tressed in the previous progress reports Z'3 

Because .he coacen.ra.io^ of .h, radi«^ speo.es each vary markedly and 

uniquely „,.h changes in .he ..„pe^a.u« and dens^ of .he gas,   a pred.cUo„ 

of .he „dia^on ^„n, .he compo.ite ^ ^ ^^ ^.^ ^^^^ ^ 

hnowledge of .he de.aded „di.Uve hehav.o, cr each compone„..     Therefore.   ou,- 

purpose has h,en ., asse^h.e .He „ec...ary appa.a.us and .„ period de.aUed 

measuremen.s of .he „d.aUon sp.ctra .„ o,der .o .nah.e .he ..ansi.ion 

probabili.ies for .he componen., to be deduced. 

The use of .He .hock .ub. .. . m8.ns for „„^ ^ ^ ^^ 

spec.roscop.c  s.udie. ha. become »ide.p^ad^,   a„d    stcms from „,. ^^ 

advan.age .Ha. gas., so .„..ed are broug,.,. .henuod^ic e^Ubri^ a, 

condiUons o.Herw..e unana.naU. .„ ,h, laboratory.    The pr,ce ^ ^ ^ 

-ge He. ,„ U,e cM^ly .^ lesting ^ ^^ ^  ^ ^^ ^     ^ 

^ s.ud.ed; He.ce,   .Here ie impOS(id the re,uil.emem ,„ ^^ ^^ 

scopjt* equipment. 

CumpW „.r„„iaa. aS ^ cr.teria to ^ met ^ ^ ^^^ ^^ ^ 

Spec.r„gr.pl,.f.rthL. e^rilBent. „,. lhis   ^„^^ ^^^ ^^ ^^ ^^^^^ 

■n Ref.reuce.  , .H,,,.gH 3.    b *„,  „^^ tho ^^^ of ^ ^^^^ ^ 

»Üb, .„d ,He ~e,v.-cb.„n.,  lrfr„Tl,d NI.ctrom.te. have been ^^^^    ^ 

w.U a. U» „,. * ..... c„n,b„^.o„ .„ so„c prelim4wy measurcmcnt5 of ^ 

N^ fir«t positive  IWind «yst Item. 

QM-ia?3-A.4 



A. 
THE  NO-O    RECOMB^TZON RADIATION MEASUREMENTS 

The history of the  r.rnhlo^ 
^  ^^    SOme  ^-^-y measurementS)   an 

Wnary data were presented in Reference   1     the last Se     •. e  x,   tne last Semi-Annual Report 
or 8e„,ral COnlpleteness   „^ portions ^ ^ ^^^ ^ ^ ^^ • 

the present discussion. 

One of the radiative  reactions of interest in ™   ^ 
4000-Kn     tu.    c 

intereStlnmode^ely heated air (3000- 
4000   K) .s  that of the  radiative recombination 

k 
NO  + O   —^      NO^  + hV 

2 - ~t for thls reaction has been ,eported by ^^ 
^ from mea8„,meMe of the intensity of the radiation from 
generated   O   ccmbining with   NO    .„ a « 

i-uoe at room temperature.     The 
reported rate is  k    =   I    5 x.   , n? 3 . ] , 

a      i. D x  iü    cm    mole       sec nritu  , 
ol a factor ol live       Anot, "«-" -«.mated precls.0„ 

Schi„ f, 
A"0,her ""^"P"'^ ~e„t by Fontiin and 

SC.« c0„flrm th.s ..„om.tempetature  react.o„ rate to a„ accuracy of 25% 

App^aMe coocentrattoo. of t.te  reactants oot.td be ge„erated .„ tHe 

-ted a.r b,M„d t„e  -ejected s„ook „aoe io a  .Hock tub.     a„d a m 

of ih,.   .--a, measurement ■ate cc„.tan. coüld be mado at „^^ ^^^^^^ a_id ^^^      ^ 

-eat       preclsioo,     !„ additio„,  .„, .^^^^^ ^^ ^ 

rmght be deduced. constant 

General Discussion of th. IT^,.^-^ 

A description of the general feature, of ti.e cortin 
- 01 uie continuum  resulting from 

rmAf-w-ir-, Uo -   1  

6 

- -a^^uin resuuinp f 
NO, torotattoo has bee„ e.„.,  reeeo., by GarWn,   G„y„,   ^ ^^ , 

XH., report a „„.„_ „h.eh beglns „ about  „^   ^ 

between  5500 and 6000A,   and drop, off toward  fh     ■   . 
P. ofj toward the mfrared.     T^y recorded th« 

<3M-i373-A-4 



spectrum out to 1 micron,   although no intensity measurements were made. 

Stewart 4 has published a profile of the ultraviolet end of this continuum in arbi- 

trary units.    The first quantitative results on the intensity were obtained by 

Kaufman5,   and more recently by Fontijn and Schiff7,   who measured the spec- 

trum only to 6200A.     The sharp cutoff of the continuum radiat.on at about 3600A 

from the radiative^ recombination   of   NO    and O   at room temperature has been 

shown by Stewart 4 to verify Gaydon's analysis of the energy of separation 

of the NO-O unbound system from the ground state of the N02 molecule.    In 

measurements with heated gases it would be expected that the additional kinetic 

energy of the reactant species would cause a slight shift in the cutoff wavelength 

into the ultraviolet. 

The feasibility of making a quantitative study of this aystem was inves- 

tigated.    Since these experiments were performed with air.   «ear-maximum 

rad.at.on should occur at the greatest value of the NO-O concentration produ.t. 

Fur axr at these conditions,   the N02 concentration is  small ( -   1  part in  1 04 at 

3000-K).   and is maintained at its equilibrium values chiefly by the three-body 

reaction 

NO   + Q   +   M    — >-    NO     + M 

k' 2 K b 

The  rate constant for thia  reaction,   measured at  room temperature10,   is 

^ 7' 7 X   I016 C
7
m6 m0le"2 SeC"1-     The ValUe 0f   ka    measured at room tempera- 

ture     .s   1. 5 x  107 cm3 mole-i sec"1.       Witk these two valueSj   the approximate 

rate of formation of NO^ by each of the two reasons can be calculated.     Using 

the equilibrium values11 for the concentrations of NO    and O    in high-temperature 

air,   one obtains,   at 3000oK 

QM- I373-A-4 



Radiative r ecombination ■£- [™>2 = 1.3x10" 

moles cm 

3/2 

sec 

Three-body recomb 

mole«   rm~        -1 «loles cm       sec 

where the approximate deusitv d.       . 

with the NO   .„d   0    , P        ' "^ "„ce„t,a,ion ,„ e,„ilibrium 

A Bausch and Lomb larBe Lift,. 

-P.er>2 whirt alto.. four      '    L'"'0" '—«^ - e,^ „,h „ 

- - .p.c.rograPh r, r"""•tt" po'4,w-'- -—— g   aph.     The radiation intensity in each ^ 

- -. o< .he:: :e,hs mciud'the -— -- - - ^ _„_ 

Spectr„m was in fict "   ^~= »"ow,. ,h.. a rislng 

QM-l§73.A-4 



The wavelength distrihution eor^ponded to the profile that had been reported 

However,   ,he „s. of this ultraviolet-t„-£reen region of the spectrun, for 

quantitative »ea.ur.^n, hown .. be ^„^ ^ a shock ^ ^^ 

This is dne .o *e fact .h« „ *.., waveJe„gth. .,,, emission £rom ^ ^^^ 

Knnge system of «.. heated O, which U present in ,he equilibrium samp]e of 

heated air in .he .ube hi. . .isabl, COBttibutien.     This ^ ^^ by ^^ 

.eparat, runs in pure oxygen under condition, „„ieh duplicated the oxy8e„ 

content in the heated ait run.     The intenai.ie. representing the difference between 

tho.e of air and pure oxygen had «he proper distribution as reported for the NO 

continuum.    It wa. apparent, ho„ev„, ^ ^ e„ors ^^ ^ ^ ^ ^ 2 

.ract... procedure prec.uded exact mea.uren,.«, and also obscured any effect 

•uch a. .hlft „, cuto„ wavel<ingth     Experimeilt8 tn pupe ^^^^ ^^^^ ^ 

.o.a. abaenc. ot radiation,  thereby .limina«„g any band system „f N    or any inlpur, 

.... a. contributor, to «., „.„„.„ radution .„ ^ ^ ej[perinients 

Several other experimental .cheme. „ere u.ed in further exper^ents 

to es,abli.h «.e nature of the epectrum from the heated air.    One of these „a, 

the u.e of a Dumon, K-,43o phototube and a Wratten cutoff filter with™, a 

di.p.reing alement.    With thie .y.tem the total radiation between 0. 6 and 

'. 1 microo. „a. recorded,   and the re.ultan, in.ena.ty was corra.a.ed with the 

reacan. concentration,.    » becan,e apparent ,hat to s„alyze tha radiation ^ 

......vrfy,   *.    !„.,„..., v.ou,d hav. ,o ^ obtained ^^^^^^ ^   c       ^ ^ ^^ 

of wavelength.    Furtksv    B^M, •■  g uruwr,  w.th the en.,re .pectrum mapped for a giv«, ,a, of 

«»rmodynamic cond.t.on..   .„ accurat. „^ of thc _ ^^ ^ ^ ^^ 

The  .„frared <>     ,.  ,   „lcron) ,„,„„ of ^ ^^^ ^ ^ ^ ^^ 

and .inc. the d,..rminat.o„ of the rate con.tant re^nr.s the „«.ur.m.nt of the 

.».a! radi«ion.   i, wa. felt that thi. por.l„n of *. sp.ct,um .bouW *, cxilrin,.d 

'*'  1313-^-1 



This was conveniently done by making use of the multichannel infrared 

spectrometer which had already been used in the early N^ worl       A series of 

experiments showed a slow drop in the intensity of the light at .   nger wavelengths, 

which between 1. 5 and 1, 8 microns decreased to about 10% of its value at  1  micron 

It was,   however,   impractical to proceed with the overall spectrum measurement 

with this instrument because of its low detector response at 0. 6 microns,   and 

because the twelve channels could not be made to subtend more than 0   3 microns 

at any given setting.    It was decided to avoid the procedure of shifting the 

instrument across the 0. 5 to 1. 5 micron range,   while trying to repeat the  shock 

tube conditions identically for at least three runs.     The system to be described 

was therefore designed and used 

Instrumentation for Total Spectrum Measurement 

The windows on both sides of the shock tube were used.     One  side had 

the multichannel infrared spectrometer deployed in exactly  the  same manner as 

shown in  Figures  3  and  5 of Reference  3,      The  spectrometer was  used in first 

order,   and the twelve channels   spam ed the wavel mgth  rai , e from 0   9 to ]    2 

microns      Five of the twelve channels were used in the experiments. 

The window on the other side of the tube was viewed by five Dumont K- 

1430 infrared-sensitive photornuftiplier tul.es,   each ol  which was equipped with 

a Bausch and Lomb interference filter and an appropriate Wratten cutoö filter, 

so that each tube  responded t > ^ very narrow wavelength band      The half- 

widths of the filters  ranged between 100 and Z40 Angstroms.     The filter-photofnultipler 

combinations were placed so that each ol them saw almost the same volume of 

gas.     Each tube subtended a viewing cone defined by an aperture of Uinch diameter 

at a distance of about  IH inches fro«n the shock tube window,    the five overi«HP|)ing 
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cones were contained in an aperture of 2 inches at a distance of 12 inches. 

This was accomplished by means of a five-sided pyramidal mirror assembly 

which reflects the total beam into five directions in a radial manner   (see  Figure   1), 

The filter-photomultiplier assemblies are mounted on a 14-inch diameter 

circle.     The calibration of this syst«m was accomplished in the same manner 

as that of the multichannel spectrometer,   uawiely by effectively replacing the 

image of the shock tube window with that of a calibrated tungsten ribbon- 

filament. 

The five wavelengths chosen for etudy are given in the following table in 

addition to those covered by the multichannel spectromete« 

Instrument 

Photomultiplier Ensemble 

Wavelength (Mic fons) 

. 542 

. 598 

695 

798 

. 906 

Multichannel Infrared Spectrometer 

9 Oh 

955 

1   005 

i   085 

1    190 

The . 906 microTi wavelengtjb was recorded by both systems and sei .-■ I 

a« a crosscheck on the overall calibration accuracy and systerr   response 

Each »hock tube run constituted «  coverage of the continuum at the  nine 

«■«■.«length»« «howti,      The radiation iTitersities v«rere displayed as a function o! 
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time at a sweep rate of 20 microseconds/cm.     In addition,   the dual beam 

oscilloscope which recorded the . 906 micron channel using the two systems was 

also coupled to another oscilloscope which recorded at a slower rate (200 

microseconds/cm) and served to monitor the long-time radiative behavior of the 

shocked gas.    Reflected shock pre6sureS were aieQ recorded to monitor shock 

tube performance for each run. 

The general feature« of the rad.ation records included a riae of radiatio« 

as the reflected shock wave aWePt by the cone of gas viewed by the re.pectiv 

channels,  followed by . reasonably constant radiation plateau.    This constant 

level of radiat.on in each channel indicated thermodynamic equilibrium,   and 

constituted the datun. for the intensity at that wavelength.    After each experiment. 

the calibration lamp radiation at the prescribed current values was passed 

through chopper« and presented to the detectors.     These intense,   were also 

displayed and photographed.    Thus,  a comparison of the s.gnals from .hock 

tube and lamp yielded absolute values for the mtens.ty of the radiation from the 

shock-heated gas. 

The results of the first exper.ments wxth this apparatus uere presented 

.nd discussed m Reference  1.    The experxme.ts wene m progr986 at Uial tlIn, 

and the results were „resented as preHrrunary.     They wUi be summary* at this 

point. 

Several spectra were obtained which showed m genera] the form of the 

MD,   recombination   radiatioa spectrum        Vh»  mw^.* specsrum.      me  intensity  m the nine channels was 

reported in watts cm"3 stf radian"1 micron'1. 

The probable er^r  in the data points due  to the   readability of the  records 

was about 2%.     In addition,   the largest difference  in the  radiation intensity at 
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. 906 micron as recorded by the two  separate detecting systems was 7%,   while 

for most runs the agreement wa« within 3%.     This difference was an indication 

of th« precision of the calibration procedure,   siace both tungsten lamps were 

calibrated against the aame NBS standard lamp.     The largest source of error 

in the result, arose from the problem of determining the best time (measured 

from shock wave reflection) at which to measure the radiation intensity level. 

Variations between 5% and 10% were sometimes recorded over the testing time 

interval,  and hence gave rise to an uncertainty in the absolute spectral intensity 

The general procedure was to record the level of intensity at about 120 to 140 

microseconds from the time of shock wave reflection.    The reflected shock wave 

required some 30 microseconds to move through the gas in the field of view,   and 

an additional 100 microseconds was ample time for complete equilibration in the 

tube.    The total testing time,  measured by both pressure and radiation channels, 

ranged between 150 and 300 microseconds. 

There were several indications that the origin of the radiation was the NO 

rec' mbination.    Primarily,   over a broad range of conditions the radiation 

intensity could be normalized by the product of the NO and O concentrations. 

In addition,   check runs were made in pure N^ and 02.    For nitrogen at T   4240  K 

at 4. 1% times normal density,   no radiation was recorded in any channel.     This 

indit ated that the source ol the radiation mu^t be imked with the presence of 

oxygen,  and further,  that no radiation shock-tube impurities such as CN are present 

in these experiments.     Th« air used in the present stupes was procured as "dry 

air" from the Matheson Compauy.    One check on the results at high temperatures 

was  mad* by performing a  run using an air mixed  from   reagent grade N.    and O   . 

The  results were essentially the  same,   and indicated no noticeable  impurities im 

the  dry-air  container. 

f3 QM-13*3-Ä-i 



Experiments in which pure oxygen was brought to the same conditions as 

those of the high-temperature air runs yielded only a very small amount of 

radiation.     It was almost immeasurable,   due to the low signal- to  -  noise  ratio. 

It should be noted that experiments in air and various 02  -  N2 mixtures have been 

included in the schedule of studies to be  performed directly after the measure- 

ments on the N2 first-positive band system. 

Preliminary estimateg of the rate constant were made from the data, 

and revealed that the rate at about 350O'K xvas  some ZO times lower than the 

room-temperature rate reported by Kaufman5.      It wa6 noticed in the spectra, 

however,   that at 0. 6 microns a large spike of radiation was  recorded,   for experi- 

ments in excess of 4000°K.    Because of the »kelihood of radiaUon from sodmm 

at this wavelength xt was decided to place the interterence filters (which determine 

the bandpass of the photomultipher detector channels) at wavelengths which 

would be free of radiation from such unavoidable impurities as 6odium,   calcium. 

and potassium. 

The fin«] placement of the filters was determined after first photographing 

as muh of the continuum spectrum as possible.    A medium quarts spectrograph 

<f:I0) was used together w.th Kodak lOi-F and 1-N spactrographic plates to 

obtain the spectra shown in Figure 2.    The first spectrum is that for air at 

about 4S0(PK and i t.mes normal density,   in which the plate was exposed to the 

total shock t.be  radialiun phenomenon.     This includes not only the radiation from 

the  gas duringth« 'Mean- te^tin. time,   but also the subsequent  radiation,   largely 

from  impurities and from the interaction of the hydrogen-driver gas with the 

heated test air.      The  prominent Oil band at   JO,,4 Angstroms  is  clearly  seen. 
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13 The use of a capping shutter      which limits the plate exposure only to 

the radiation from the gas after processing by the  reflected shock permitted the 

second spectrum of Figure 2 to be obtained.     The radiation fronn the Schumann- 

Runge band system of oxygen can be cleaarly seen on the plate.     The radiation 

of interest to the present problem extends from about 4000 Angstroms into the 

infrared.    The prominent lines in this region are those of potassium,   calcium, 

and sodivm.    The unexposed region between 5000 and 5500 Angstroms results 

from a decrease in the sensitivity of the emulsion.     The type F plates were 

used to examine this region in detail.    The last spectrum,  together with the 

other results,   show that this radiation does not appear in the spectra of either 

pure oxygen or nitrogen. 

The interference filters were placed in the cleanest portions of this 

continuum,  and were now at the wavelengths: 4750,   5100,   6700,   8100,   and 

9060A.     With this configuration,   another series of experiments were performed 

with air at temperatures between 2800 and 45000K,   and densities between i 

and 20 times normal. 

Results 

The data from a series of experiments near 3700oK are shown in Figure 

3.    In this graph the measured intensities at the various wavelengths are 

plotted against wavelength.    The intensity was normalized by the product of ibi   No 

and Ü concentrations: 

,2, 
■O-NO <   %     >* z x^x 

where    Z    is the compressibility factor,   ^ is the air density,    and the  X's are 

mole fractions,  obtatned from Reference 11.    The smooth curve of the graph 
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between 0. 4 and 0. 62 microns was taken from the detailed spectrum by 

Fontijn and Schiff 1,  which was reported during the course of the present work. 

The spectrum was fitted to the data at 0. 51 microns. 

As can be seen,   the agreement with the intensity distribution verifies 

the recombination radiation aS the chief contributor to the recorded spectrum. 

The experiments covered a range of 3 in the factor      Z2XN0X0 (   f/p   )2 and 

the intensities are proportional to it to within 20%. 

The rate constant derived from these data at 3750oK for the reaction 

k a 
NO + O y-     N02 + hV 

is equal to 4. 4 x 105 cm3 mole"1  sec"1  +25%      This  is about 20 Umes  smaller 

than the room-temperature value. 

The  reaction rate measured at 3750°K is lower than that reported for 

300^K by a factor of about (3750/300)-1" ^   which is  reasonable for the temperature 

variation of recombination reactions.     However,   between 3000 and 3750PK the 

values  show a T"3" D dependence.      This variation cannot  reasonably be attributed 

to a change in the reaction rate constant,   but rather,   indicates a contribution of 

radiation from another source at these lower temperatures. 

In contrast with the  room-temperature work,   for air in equilibrium at 

these  conditions,   radiation can arise both from the NO - O   recombination and 

from excited states of equilibrated NO., molecules.     The density dependence of 

the  radiation from these two sources  is the same.     However,   the equilibrium 

population of the NO, fails  rapidly to a negligible value by  3750'>K14.       Further. 

subtraction of the NO-O recombination intensity at the lower temperatures (based 
-T   5 

on a T dependence) leaves  a residue which i« consistent with the  radiation 

lt QM-1373-A-4 



from N02 based  »a estimates made from the absorption coefficient of the 

N02 molecule.    A »ecent paper by Broida and Schiff and Sugden iB shows a 

structured spectrum at the cutoff of the room temperature NO-O recombination 

continuum which suggests the presence of excited N02 molecuies in their 

experiments.     The precision of our data doe« not warrant further analysis of 

the NO., contribution. 

One experiment was performed at ZSOO'K.    At these temperatures the 

radiation was  seen to rise gradually in time to an equilibrium value (for higher 

temperatures the rate of rise was due only to the transit time of the reflected 

shock wave across the viewing port).      The rate was strongly suggestive of the 

relaxation time to chemical equilibrium.      A check was made on the kinetics 

of this shock tube run by using the normal shock program discussed in Section II 

of this report.     These resaits gave good agreement between the measured rise 

of the radiation and the formation of NO molecules which is rate-determining 

for N02 formation.      This experiment,  coupled with the absence of radiation 

in pure 1^ or 02 experiments serve to confirm the source of the radiation 

and the validity of the results. 

B. THE NITROGEN INFRARED MEASUREMENTS 

One of the principal radiating species in heated air is the nitrogen molec ule 

whose    first positive hand system extends from the visible to about two microns 

in the infrared.      The only reported transition probabilities for this  system 

were deduced from a few broad-band measurements made in heated air 9.     The 

need far a detailed  ,tu<fy cf this   system was  clear,   and thus   it became  a pnmarv 

aim of the present research program. 
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Description of the Experiment 

The apparatus ior these experiments  consists basically of the shock tube, 

used to process the gas,  and the twelve-channel infrared spectrometer,   with 

which the absolute intensity of the spectrum of the gas was measured.     The 

criteria leading U, the deslga of these components together with the details of 

construction and calibration have been reported in References 2 and 3.    Briefly, 

the ehock tube hae a test section 30 feet long,   of 3-inch inside diameter.     It 

i» equipped with contoured,   sapphire window» near the reflecting wall.    It is 

designed for operation at high driver-gas pressure. (30, 000 p.i) and at good 

purity levels (total rate of rise at vacuum ^ 2 microns/hr. ).      Combustion drive 

was not used because of the inherent difficulties of performance and cleanliness 

with combustion-driven shock tubes. 

The twelve-channel infrared spectrometer was designed to Bpan the 

range from 0. 7 to 2. 4 microns.    It is an f/3. 5 Ebert-type grating instrument 

and the twelve channels subtend about 0. 3 microns in first order,  with a bandpass 

of 0. 01 microns per channel,  each of which has a lead selenide detector with 

about 10 microsecond response time. 

The use of this system and some preliminary measurements of the nitrogen 

•yste» ha. beer reported ir Reference 3.    Since that time the system ha« bee« 

modified ar>d refined,  particularly in regard to the radiation calibration tech- 

mques and to actual .hock tube operation.     Theae will be described in the next  . 

subsection. 

Exparitnenlal Procedure 

The shock tube was thoroughly scrubbed With alcohol and hard-pumped 

beuven runs.    Prepurifxed nitrogen fram the Mathe.on Company was used for the 

18    • QM-1373-A.4 



experiments.     The following mass-spectrometer analysis of the nitrogen was 

obtained from the Matheson Company: 

O-, 5 ppm 

H2O 3 ppm 

Hydrocarbons      less than 0. 5 ppm 

C02 non-detectable 

CO non-detectable 

^2 non-detectable 

The gas was used with no further processing.    Initial test gas pressures 

were  read on a manifold of Wallace and Tiernan absolute pressure gauges,   which 

were calibrated and cross-checked with each other.     The speed of the incident 

shock wave wa3 measured with thin-film ionization gauges at four intervals in 

the last six feet of the shock tube.     The intervals are  18 inches apart and the 

elapsed time was mjasured with a digitalized    output unit to the nearest micro- 

second. 

In order to traverse a spectrum from 0. 7 to  1.2 microns in the second 

order <which wa9 done in these experiments),   the conditions of the gas must be 

reproduced exactly for five to 9iK shock tube   runs.     Using only pressure breaks 

on the diaphragms    at the 2500 p9i level makes this almost impossible,   due to the 

unavoidable variations  in the diaphragms.     This problem was  overcome through 

th*. use of a double-diaphragm technique.     The double diaphragm unit consists 

Oi two diaphragms  separated by a 3-inch spacer.     During the loading process, 

this  small chamber is automatically maintained at one-half the driver-gas 

pressure.     For desired operation at ZSOO p.i,   the chamber contains   1Z50 psi. 

Since the driven section  is *t a comparative vacuum  (10-200 mm Hg),   the diaphragms 
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support a pressure differential of 1250 psi.     Upon venting the chamber,   the full 

2500 psi bears first upon the diaphragm closest to the driver,   and.   when it 

ruptures,   upon the second.      Thus,   the only requirement upon the diaphragms 

is that they support 1250 psi,   and break at less than 2500 psi.     This is easily 

accomplished,   since normal variations in the rupture pressure of the diaphragms 

are less than + 200 psi.     With this system a series of runs can be made,   in 

which the wave speed in any of the timing intervals is duplicated to within 1 

microsecond out of 150.     This  reproducibility is within the error in the determina- 

tion of the density and temperature behind the reflected shock.     Thus the data 

require no corrective normalization between successive experiments in a given 

series at constant reflected-shock condition- 

The absolute intensity calibration of the  spectrometer was  carried 

out in the following manner.     During the shock tube run,   the entrance slit (1  x 

12 mm) of the  spectrometer is focused on the  sapphire window of the  shock 

tube.     After the  run,   it is focused onto the tungsten ribbon filament of a 

standard lamp.     TMs is done without changing the optical geometry.     A fast 

chopper is  employed to produce a  square wave output which  is  recorded by each 

channel.     Thus the primary data consist of two  records which are the  ratio of 

the  radiation from the gas and from the tungsten lamp. 

The voltage output of a typical channel is  shown in the following sketch: 

IOC 

MICROSECONDS 
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The sharp rise of the signal corresponds to the transit tta, of the 

reflected shock wave through the subtended volutne of the test gas.    A rather 

■inear rise in signa, follows,   and corresponds to a radiation increase which is 

| 'eIt,0bed"to—""-i"*. operator, of the gas in the tube      The 

radta.ion is Kighly .emperatur, dependent,  and .he .emperature r.se needed for 

«Ms increase is too .„.„ to be cot,^ Wlth the ^^ ^ ^^ 

whose output over .he .„.al inter«, r^,,^ coostan,     The „^ ^ ^ 

channel was taken to be tt. te..rcep, oS «.. ^^ eItrapoJated ^^ ^ 

' = 0,   „here the temperature wou.d be «... called by simple shock tube .heory 

The working standard la„p. w„e ob,.in5d by comparison ^ ^ ^^ 

; Bureau „f Standards Lamp whoBe output ... „^^ ^ ^^ ^ ^ 

The compaHson was made „., a broad range of wa.eieng.hs from 0   5 to Z   4 

-.crons by aiternate,, pas.in, .be radi..,„„ from ^ NBS lamp and ^ ^^ 

standard lamps into a Gaertner monochromator      T», 
ucnromator.     The current m the NBS lamp 

was provided by a stabilized power suonlv t^h^fc 
power supply which was operated from an 0. 01% line 

regulator.     The current was  set at tha TtfR.«       i 
was  set at the NBS value with an 0. 25% Weston 370 

ammeter,    storage bat.eries were n.ed to power the workmg standard lamp,   and 
an „. 5% ammeter ^ used both for the ^^^^^ ^^ ^^ ^^ ^ ^ 

-amp m „„ e.pe.uments.     Thus,   the accuracy cf ,hIS meter d.d not enter mto 

the caHbratmn.     Both lead sulphtde and mf rared-.ens.t.tve pbu.omnH.pHc r ,„bes 

»ere used in the cal.bra,on to m^ ^ ^^ ^^^  ^ ^ ^ 

-ninimU. the rea..„s error in ^ Cümpa,.on of „^ ^ ^ ^ ^ 

O.erall-system H„ear,ty was ch.ck.t. by comparm, the reading, for the NBS 

■amp radiance at is a„d 30 amp.„.,   8ioce lhc NBg ^ ^ ^^ ^ ^ 
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tion of the usable working areas of the filaments was made by measuring the 

radiance gradients along the filaments. 

The accuracy   of the overall calibration of the working standard is fell 

to be better than 5%.    The largest error in the absolute values used in the experi- 

ments is that reported for the NBS lamp itself16. 

The spectrometer was checked out to insure that no radiation from 

| unwanted orders or wavelengths were overlapping the detectors at any given 

setting.     Use was made of siixcon windows,   water cells,   Kodak infrared filters 

and several organic iiquicj cells in the.e checkouts and in the runs where necessary. 

In general,   only the  radiation ««Mended by the detector array was permitted to 

enter the spectrometer.     The xntensity calibr-.tlona wer« always made with the 

order-sorting filter» in the system. 

The linearity of the detecting system was aisc checked by separately 

verifying the linearity of the electronic system of amplifiers and by an inverse- 

square experiment,   where the  response of the detectors was measured as a 

function of the distance from a point source.     No deviation from linearity was 

noted for values of detector output which greatiy exceeded those obtained in the 

experiments. 

Results 

An exploratory ser.es of runs using the multichannel  spectrometer in first 

order revealed that the prominent features  of the  spectrum lay between the  low 

wavelength limit of 0. 7 microns and about 1. 5 microns.    Thlfi region of the 

spectrum was then carefully surveyed in second order,   by n.akxng a series  of 

rua. at condition, oi constant temperature and density.     The resultant spectrum 

is shown in Figure 4.   where the radiation i. plotted in watts CTTT
5
 stetad.an" 1 
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micron    .    The twelv,e data poims from a 5ingie run ^ ^^ ^ ^^ 

•ymboU,   a„d the precisio„ in the data can be ^^^ ^ ^^ ^ ^^^ 

■n intensi., a. a 8iv,n wavalength for a „_,„ of ^^^^ ^^       ^ ^ 

alcng th. abscissa a» th, pe„ine„t band.head positions iccording ^ ^^ and 

Heath    , witt tte K,i6hts of the m.rk.r. scaled t0 the values of the ^^^ 

^r.U *„ lm a„d ^^..8.      The vibrationai ^ s^^ ^ ^ 

d-ly seen,   a„d lndicate tte ad,antages c, the multichan„el approach,   in tta. 

an rama«»» corra.pontto. .o a giv.„ symbol „„ .,, pIot was recorded from ^ 

same sample of gas. 

The radUtioo fro™ tt. standard lamp is given in nni.s of watt. cnT2 

steradian       mirrnn-^       <"„ 
.    Conversxon to the units plotted is accomplished by 

dividing by the path length through the  radiate. 
gn me radiating gas,   equal to the inside diameter 

of the shock tube (7. 60 cm was used»      Th« 
was used).     The sapphire window-transmission correc- 

tion was taken to HP  n   o     -,   J r- 
0. 9,   and Wily.   tt. data were corrected by a (actor of 

i- 4 to account for tt. effect of ref.ections tnside tte shock .ube.    TMs factor 

■ »as obtained by e.peH.nen.s described .„ tt. Appe„dlx.     Thus,   the intensity 

Plotted in Figure 4 was directly obtamed ^ ^ ^^ ^ ^^ 

watts , I' watts 
TTbH. 9)(i.4)-   <—r 

cm   -ster- micron 

in Figur.  5 are presented severa, .p.ctra spailninE one of ^ ^^.^^ 

band sciences ,V  =  ,,   ^0) o[ thls „„, ^^^  ^^^ ^3^ _^ ^ 

between 0. 78 and 0. 91  micron-      TI 
nucrons.     These  spectra were obtained by varying the 

density and temoe ratu rp nt tK„     •* 
perature of the nitrogen m experiments with a constant wavelength 

Betting of the spectrometer.     The essential features of tho 
icaiures of the  spectrum arc the  same, 
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■   ■'»        ■'' 

and the variation in intensity results from the change in the population of the 

upper energy level involved in the transitions.     This effect is more clearly 

seen in Figure 6,   which gives the temperature dependence of the  radiation.     Con- 

sidering the radiation to arise from an upper level of energy   E    ,   the intensity 

is proportional with the population in this level: 

-E/kT 

Q N- 

where    n   is the number of   N      molecules per   cm3,   L0  the Loschmidt number, 

and c    is a constant.     QN      is the internal partition function for nitrogen.     It is 

plotted in Figure  7,   and was obtained from Reference  11.     Dividing and takinj 

the logarithm,   one obtains 

JU/ 0 v) 
OLJ (+-) jhu o 

Thus,   a plot of the left side vs.   1/T should yield a straight line,   whose 

slope is    - E/k,   and whose intercept permits the   constant    c    to be evaluated. 

Eight temperatures between 6000 and 7200oK are plotted for each of two wave- 

lengths, chosen at each edge of the  recorded band sequence.     It can be  seen 

that a good  straight line can be passed through the points.     The  slope of the line 

at 0. 887 microns which contains the head of the    (1, 0) band corresponds to 

E  =     58800 cm      .       This is  in very good agreement with the best reported value 

of 61700 cm      ,   and substantiates the  radiation origin to be N Keck et al9 

have  reported the    f    number for this  band  system in nitrogen to be  0.025. 

The  results of the  present work are a factor of five below their value.     This 
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discrepancy is significant and is illustrated in Figure 8.     Because their results 

were deduced from radiation data taken in shcck-heated air,   the discrepancy 

may be due to a promi«ent radiator present in air but aot in nitrogen.     This 

point was checked by repeating th-e 0. 78 and 0. 91 micron experiment with air 

at T = 5400-K and a density of 0. 9 times normal.     The resultant radiation was 

normalized to the amooat of molecular mtrogen pre9ent in the air at these 

conditions.    At 0. 8 microns the radiation intensity was equal to that predicted 

by the present pure-nitrogen work,   indicating the absence of other radiation 

species in this wavelength region,   at least for temperatures below 6000oK. 

Thus it is felt that the lower intensity values for the nitrogen spectrum measured 

in these studies are valid. 

The spectral resolution of the data allows the transition probabilities 

to be determined with good precision.    Because this analysis i3 presently 

being made,   it could not be included in this report,   but will be  submitted for 

publication shortly.     Based on the calculations of Keck,   et ai,   the     f   number 

should be about 0. 005,   one-fifth of their reported value. 

C SUMMARY AND CONCLUDING REMARKS -  RADIATION PHASE 

1. The  reaction  rate constant for the NO-O radiative   recombination 

k 
NO  + O    ä^.    N02   +   hV 

has been measured to be 4. 4 x  10S cm3 mole-1   sec"1  +25% at temperatures of 

3750°K.     This  rate is Z0 tames  smaller than that reported for this  reaction at 

room temperature. 
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2. At lower temperatures (2800-3100oK) additional radiation was recorded 

and is attributed to the bound states of thermally equilibrated NO 

3. The detailed and intensity-calibrated spectrum of the first positive band 

system of nitrogen has been obtained between 0. 74 and 1. 2 microns for a range 

of temperatures between 5800 and 7200«K.     The observed temperature dependence 

of the radiation is in good agreement with equilibrium-radiation theory and clearly 

identifies nitrogen as the radiating gas. 

4. The intensity of the radiation from pure nitrogen is lower than previously 
9 reported values      by a factor of five. 

The scope of the continuing research in this area includes the experimental 

determination of the other contributors to the radiation from heated air.     These 

are presently felt to be the continuum radiation  19 arising from the interaction 

of electrons with the atoms and molecules of the heated air.     It is planned to  study 

the  radiation for a broad range of N.,   -O..  ratios,   from which the effectiveness 

of the various scatterers may be deduced. 
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SECTION LI - RE-ENTRY BODY FLOW FIELD 
ANALYSIS PHASE 

K 
The SOlUtkm ^ ,he inri"id —^Hun, blunt.boay pmMem (which ha8 J bee„ discussed pl.eviously in ^^^^^   ^   2 and ^ ^ ^^^ ^ ^^^ ^ ^ 

.iS.ory of radiation from the hot gas ^^^^^ a ^^^^ ^^      ^^ p^^M 

.. P-c^a, and eraploys coupled vibration.dissociation ^^^^ ^ ^^^^ ■ 

«he the™„chemical state of the gas behind the ^ ^^ ^      ^ ^^ 

-w shock probIem has ,„„ ^^^^^ for ^ IBM_7M ^^      ^ ^^ 

* .uniiar fini.c-rate BolutiOT has been progl.ammed for ^^ ^ ^ 

.o asseas t,le variatio„ of „^ „„^^ ^ ^ ^^^^ ^^^^ ^^      A ^ 

de.cr.ption or hoth program! and p„tment ^^^ obtamed ^ ^^ ^ ^ 

" .» :»o„„ that the flow fleld around a re_entry ^^^^ ^ ^ ^^^^ 

a—pKe.. may be innue„ced by viscous effects ^^^^ ^^^ ^ ^ ^ 

»H.« bo„.dai,, layer or vorticity ^^^^^ theories ^ ^ ^   ^s^coo 

where   ^   » «he inverse density ratio over th. shock     K2 .      K snock.     K    can be approximated 
by 

K Si -£d- 

where    A    is the bod 

Ao 

y nose   radius and       X ic  tK„   ~. 
A^    is  the mean iree path upstream ol  tl , 

shock.     For a typical  re-entry vehicle H   e     on     f     . 
V  vehicle (x. e.   one foot nose diameter),   at an altit, d< 

of 200, 000 feet,    £K"   ^ snn      « 
^    00\  HOWeVer'   thiS P-ameter is about  50.   or approach! 

0(y at 250, 000 feet     Scala'.ZI     •     -, n . 
•     Scala s       sxmxlar  results  show the ratio of boundary  ^yer 

—ess  to shoe, .yer tMc.ness  m the  stagnation  reglon of Hypersonic vehicles 
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is about 1/ 10 at 200, 00» feet,  and increases to 1/2 at 250, 000 feet altitude.     The 

mviscid solution can be used with some degree of confidence to predict the chemistry 

of the shock layer at 200, 000 feet. 

A. NORMAL SHOCK SOLUTION 

General Discussion 

The normal shock program is similar to the bow shock problem in the 

numerical aspects of the solution,   and is identical with respect to the thermodynamics 

and chemistry.    Since it is a much less complex program than the bow shock 

solution,   the general characteristics of relaxation phenomena behind shock waves 

can most easily be discussed in terms of the normal-shock solution.     Consider 

the sketch: 

U, 

SHOCK, 

U 

111111 nun  

t 
In shock coordinates,   the flow is advancing into the  shock wave at velocity    U     and 

leaving   at velocity    U    .     When the air passes through the  shock wave,   it ie 

compressed and most of the kinetic energy available in the free stream is con- 

verted to thermal energy.     The active  (i. e.   translation,    rotation) contributions 

to the  internal energy of the gas  are very quickly adjusted to th« equilibrium values 

in the time of a few molecuUr collisioa«.    HOWäV**,  th» Äonacttve degrees of 
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freedom |i. e.   vibratioft,  «aissociation and j 
,22 

onization) adjust much more  slowly. 

Duff      has investigated «he chemicai dis association-recombination process behind 

normal shocks    in air considering vibrational equilibrium of the diatomic  species. 

The addition of vibyatkmally «onequilibrated diatomic  species  and the coupling of 

this vibrational  relaxation process with the chemistry has been studied by 

i eare. 

The mathematical description of this  relaxation process used in the 

CAL program i8 obtained from the solution of a set of simultaneous differential 

equations to obtain the density ( f )    pressure (^   ),   flow velocity (U ),   con- 

centration of thejth species  (   V.    , and vlbrational  energy cf the jth  species 

( €J ) at any distance ( p behind the  shock wave.     (Detailed analyses of the 

normal and bow shock problems can be found in References 2 and 3 and will 

not be presented here   )    The conditions  immediately behind the  shock wave can 

be determined in a number of ways,   depending on the thermochemical descrip- 

tion of the problem,     In general,   each species  (  MJ  ) is described thermodyna- 

mically with translation,   rotation,   vibration (described by harmonic oscillator 

relations for diatomic  species),   and excited electronic states contributing to 

the internal energy.     The translational,   rotational and electronic  states arc- 

assumed to equilibrate immediately behind the  shock and determine the initial 

nonequilibrium temperature.     In flow regimes where the vibrational  relaxation 

tune for the diatomic  species is  much  less than the  chemical or ionization 

relaxation tunes,   the diatomic   species can be assumed to be equilibrated vibrationally 

with the three preceding degrees of freedom.     However,   for low-density  regimes, 

vibrational  relaxation times  become  long,   and the diatomic  species will be in 

a state of vibrational nonequilibrium  immediately behind the  shock.     This  is 
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descfibed tTirougii a systeiti o( hfeafmonic »»cilistore that reiax to equilibrium 

conditions while maintaining a Boit«ra*nn di»tri*>utiori atiout a vibrational tempera- 

ture ( Tvr 

Since disaociÄtion can proceed from any viljrÄtional level,   the assumption 

of vibrational equilibrium immediately behind the shock leads to a greater 

population of higher energy levels,  and to a higher rate of dissociation.    For 

the flow conditions where vibrational nonequilibrium ie important,   only the 

lowest vibrational levels of the molecuiea are populated,   so that dissociation 

I proceed more slowly than if vibrational equilibrium were established.    In 

se  regimes,   coupling the dissociation rate Constant to the degree of vibrational 

excitation is a more accurate description of the relaxation phenomenon.     This 

slows down the dissociaticn process and a higher temperature is maintained 

during the period of vibrational reiaxation than if the vibration and dissociation 

proceeded independently. 

Discussion of Program and Results 

The normal shock program has been completed for the IBM-704 computer, 

and has been used to investigate  relaxation phenomena in a variety ofgases.     A 

capacity of 20 species  and 40 chemical reaction« has been included in the program. 

In addition,   the thermodynamic description of each species has been improved 

over that discussed in Reference   1.     Higher electronic  states are now included, 

with a capacity of eight electronic levels   for each  species,   adding  considerably 

to the accuracy of the  solution.       A variable    Ä>4-    interval is employed in the 

step-by-step integration procedure away from the  shock.      In this  process,   the 

interval  is doubled after a  specified number of successful steps  (provided 

certain tests  are  passed,   i. e.   per cent change  in    T,   change in  species  concentration, 
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ett.   are within given bounds) until a maximum specified interval size is  reached. 

If changes in an interval are too large,   the interval size is decreased until all 

tests are passed.      Small intervals are then used in regions of rapidly changing 

variables (i.e.   near the shock front),   while progressively larger intervals are 

used as the variables asymptotically approach equilibrium values. 

The results of a typical normal shock computation are shown in Figures 

10 through 12.     For this particular case,   vibrational equilibrium immediately 

behind the shock was assumed.     The initial conditions of p . 1 mm Hg and shock 

Mach number of 12. 3 are from a typical shock tube test.     Figure  10 shows the 

species distribution as a function of distance behind the  shock wave.     Seven 

species (02>   N^  O,   N,   NO.   NO + ,   e") were taken to define the air kinetic model 

and the following six reactions were used:   (   ^ denotes the forward rate 

at vibrational equilibrium,   in cm3/mole-sec ) : 

1. O     + M    ^=*Z ■ 20 + M 

2. N2 + M    ^=±r    2N + M 

F 

NO + M    :^r^r   N + O + M 

4. O + N- 
-&c 

-A, 

NO  + N 

I + O      7^-^    NO  +0 

A 
6. N + O 

too» 

*     5VO+ ^ e* 

AFi^  ■■: 1.1 x 1025 (T)-2- 5 e 
<oO 

f 59380 " 

I 
A.       = 6. 3 xlO      (T) 23/mi-2 

A F3vO 

^5 
1.5.1021(T)-i-5expfIlllll_"i 

^   = 5. 5 x 10n(T)0- 5 expp6245_l 

^=lxl^(T)0-5exppl21_J 

J^Sxl^Vr^exp f-3]71S  1 
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The formation of atomic  species  (O *nd N> if seen,   with the  subsequent decease 

m concentration of the original molecular specie. (Oj and N2) as the distance 

from the shock wave increases.     The overshoot i« NO  concentration,   which is 

typical of chemical relaxation zones in air,   reaches a maximum approximately 

one centimeter behind the  shock.       A positive gradient in electron concentration 

exists until  1. 5 cm behind the shock,   where the maximum electron concentration 

is  reached.     At this point,   there is a Z0% overshoot in the electron concentration 

over the final equilibrium value.     The magnitude of this electron overshoot is 

dependent on  shock Mach number and density,   and is as high as a factor of two 

at the higher  shock velocities.      It should be noted that equilibrium concentrations 

are not  reached until some 20 cm behind the  .hock,   indicating a long relaxation 

zone. 

It is of interest to note the  role each  reaction plays in this  relaxation 

process.     An  insight to this  can be seen from Figure   11.   where the ratio of 

total forward  rates to reverse rates are given as a function of distance behind 

the  shock.     Immediately behind the  shock,   this  ratio is  infinite for the dissocia- 

tion  reactions,   since the   reverse  reaction is  zero,   and the whole  process proceeds 

in the forward direction.     At final equilibrium,   this  ratio would be one.     The 

two-body NO  exchange  reactions and the ionization  reaction  reaches local 

equilibrium much closer to the  shock than do the  slower dissociation reactions. 

It  is the  exchange  reactions that produce the  NO  overshoot,   since  they tend 

to put the  NO  in equilibrium with the molecular O., and M^ early in the  relaxation 

zone.     A slight undershoot in the  ratio is  seen for these  reactions  indicating 

that the   reverse rate (which deletes NO) is dominant in that  reglme,   and the 

decrease from the overshoot maximum is aided.     Figure   12  shows the effect 

of the chemical system on the gasdynamic properties of temj«ratu*e and density. 
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«.a««. -«.,..*«» a^ .Lc^e ..ci,ati(5Bi  i.aI>proÄmM.1)r ^„„^     ^ 

.emp.«ta« a.c«.«. m„„„.„ni„lly tllIolJgh t(„ rela](at.on resJoii towards the 

.quilib,ium v.lu. „, 440C.K.   An iiicrMse ^ .pprMim4tely 5o% u ^ ^ ^^ 

d.nsity raue ^u, ft, ch.mical prol-e.3.    Ilm5> ^ early part of ihe ^^^^ 

b„um ,on, c0n3i£ts of molecuUr 6pec„. at e!itreTOely ^ .„^^^^^ tempera 

tu^e..     P„ vory hlgh aUi,ude re.tiitry    ^^ eaiiy ^^ ^ ^^ ^^^ ^ ^ 

may «11 tt. .atl« shock uy„,  „^„g a 8ub.taBtiaU, immM fl<ra field than 

that computed fi-om equil.bruim tond.t.ons. 

Condition, ol vhrational «onequllibrte, hava also been i„TCstiBa.ed 
»sing the „„raal shock vrogtam       ,„ ^ analy3is    ^^ ^^^^ ^^ ^^^^ 

at vibrationa. equilibria for the  i* reac.io» ( J^^   » i. ^üed h y  the 

vibrational    coupling faotor    VJ   tl.fough 

*ij     can be i or 0, deno.ing that vibrationai eqnUibration w.„ proceed coupled 

to or independently of the chc.cai  reaction.     Since the v,braU„„a„y „,aXi„g 

•pecie. ace considered to be a sys.em of harmonic oecillator. in a Bol.zmann 

diatrikution abou, a vibrational tempera«».   Tvj     , ,h.s   TvJ        w.n s,irt 

a. the original ambien, tempera^« „„me(!latcty beMnd the ahock.    In geneca, 

then,   at     M^-      K n      TJ   £<T       -ri ■        ■, 
T '     ^J ^   J   •     ^18  vxbjational relaxation can be seen in Figure   13 

winch shows th. tempers, ^stru^on behind a Mach   19 shock ^^ ^ ^ 

microns of air.    Fo. this case,  the cfegree o* .ibrational nonequilibriuxn was 

coupled to the 4issoclatioa »eactiens.   and t.e  .*me  kliietlc ai, model ^3^^^ 
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P«Wou.ly wa. u.e4     The temperllure (l2) .. ^^^^ ^^ ^^^^^ 

rotation and a.cited electronic ievei, is apprcximately , 9> 000-K a.    /y. -0 

-a deceases towards .He ^uib,iMB v4lue of ,000^    Both ^ ^^^ 

o^gen and n4troge. vibmional ^^ ^ „^ ^ ^ ^ ^ 

ancient vaiue, and increase to„.r<1. .„, t„nll.tionil ^J^      ^ ^ 

oxygen   ^uUibrato, mo,e rapidly th« the Oi,ro„n    the     TO 
11     '    fte      '^Oo       reaches local 

equilibrium sooner fi. e    At- >^ ,« <        ^ 

TVMI    K      Since *, „ansUtio^al .empCra.u„ ,. dec„asi„g „ ^^   ^ 

-rationa, te^era.nee o.er.hoo. ., .oca. mHw ^   .„, ^^^^ 

- .nal   .quilibriuiB „^ ^ ^      ^ ^^^ ^ ^^ ^^^ 

for    T^    ,,,„„ for    T s,nce .t ^^^ .„^„^ . 
* 1C  '«taxation zome where 

Tie decrease „ery,aPdilv.    WHenX^T,     V, < !     «d the for„ard rate 

constant is «dnced,   .towteg do„n ,, „„ „^^ ^ ^ ^^ ^^^ 

However,   dario, „„ ov.r.hoo. re8ime.    ^ > 3   ,   .nd ,„. _ con8tants ire   ' 

enhanced.    £i„ce «.. atomic epec.e. O and « are de.aved „.„ .„ the relation 

region,   the for^at.on of electron, i. al.o delayed    si«c. i. i    «, 
yea'   "'lc" " •« «he recombination 

o'      and N through the sl.th reacts that giv.. MM W th. .^.„^     „_ 

the point of .Hafnium electro« concentration .. Mlanv.iy ^.^ by ^ 

Coupling.     It i.  .he initial .^.^ i„ a. .^.^ ^„„.„^ ^^ ^ ^ 

sensitive to the effect of    \/# i 
V,      .     in general then,   the vibra^onal coupling 

pfienomenon tends to decrease th* rH-=«   •   *• 
ease the d^sociation proces. ea,ly in the *ei.xation 

zone,   keeping the tranelatioftai temperature high. 

Conclusions 

? normal .hock Soim<m gives a cirar picture of the tK.*™     v f*t..*ure 01 tue tliermocKemical 
Phenomena occurring b^(i .,ock „^    ^ ^^ 

caa hm used to j^in a« 
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insight intc» the chefnistry of actual shock layers surrounding re-entry vehicles, 

since it cloaei^ Ifesejnbles the stagnation styeanaiifve solution.    However,   near 

the body,   the actual fio-w velocity appmache» zero «Igng the stagnation streamline. 

Thus,  the ratio of chemical time to particle residence time becomes small,  and 

the process approaches equilibrium much more rapidly near the body than 

indicated by the normal shock solution. 

The normal shock program,   then,  yields a description of the relaxation 

zone,   showing the  species distribution with the typical   NO   and electron over- 

shoots,   the decrease in temperature,   increase in density,   and the effect of the 

coupling of vibration •with dissociation.     This normal-ehock solution is now 

complete for any multicomponent gas mixture of atomic and diatomic molecules 

and will be used to determine the importance of various rate constants,   to aid in 

the interpretation of shock tube data and gife an insight into the nonequilibrium 

shock layer in the  stagnation region of hyper velocity vehicles      The computational 

time is very short for this program,   in that approximately 45 seconds are 

required to compute the relaxation zone for a  single diatomic   gas (i. e.   pure 

oxygen),   and about 6 minutes to obtain a solution for air using the air model 

previously discussed. 

D. BOW-SHOCK SOLUTION 

General Discussion 

The  thermodynamics and chemistry of this program are ideiitical to those 

of the normal shock,   and the greater complexity arises frotn a more difficult flow 

situation.     A  shock-wave  size and shape  is  specified tr» the invefsc  method     , 

and the body obtained from mass  consr rvatitijn  can «nictations  i» the «ystejn of 

«quatiofis.     Consider the   sketch 



6HOGK 

U'j ** fr 
 >  

where    X     is the distance aiong the »hock and   ^  iS the coordinate normal to it. 

The shock is divided into   ^   velues of   &  aa 9hoVra.   and the conditions imme. 

diately behind the shock at each point are determined from the local normal- 

shock considerations discussed i« the previo„S section.     Once the.e starting 

values have been obtained,   the entire  solution advances forward one interval 

normal to the  shock wave.     The solution cannot proceed forward one  ray at a 

time,   since the derivatives  in the   X   direction parallel to the shock are needed. 

These  represent the flow swept by a point on any given ray,   9inCe the  rays 

do not follow streamlines,   but cross them.     Accuracy depend, on the accuracy 

w.th which the    X    derivatives are known,   the size of the mesh interval«,   the 

method of numerical integration,   etc.. 

Discussion of Program and Results 

Since the last Semi-Annual Report  I  was completed,   the high-.peed core 

storage unit has  been installed in the computer,   and the boW shock solution has 

been  reprogrammed to take advantage of the larger  capacity.     At the present 

tifne,  this solution has a capability for  10 «pecies and 20 chemical reaction.. 

*ith therxnodynamic descriptions identical with those of the ^r^al .heck j*og,.m. 

■;,, 
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A variable    ^interval has also been incorporated in the bo-     ;hock program 

eliminating the need for an accurate knowledge of the initial   ^ step to be used. 

Subject to the various tests included in the solution,   the program selects an 

initial step size that will satisfy all requirements.    Thus,   small steps can be 

in this report,   a three-point fit has been used for the   X   derivatives.     Upon 

final refinement and completion of the program,   a more accurate five- or seven- 

point fit will be used.     The method of computing these derivatives is incorporated 

in a separate program subroutine that can be easily changed.     The programming 

of the solution i8 essentially completed,   and a number of test cases have been 

run.   both with a diatomic gas (i. e.   O,,) and with air. 

1.    Re-Entry Case 

A typical  re-entry condition was chosen as the first air-test  „^ ^ ^e llrsl air-test case, 

quilibrium 
using the same air model previously discussed,   with vibrational equilibria 

assumed immediately behind the  shoe. wave.      A velocity of 23. 000 ft/sec at 

200. 000 ft.   altitude was chosen.     Using the  1959 ARnr ,♦ 
ubmg me  19DV ARDC atmosphere,   the ambient 

conditions are 

Ti   = 249. 440K v>       , 7 
77   = 3. 1782 x 10      gm/cc 

*^.«81*10-'atm ^ = 28. 962 gWrnol. 

Ogure  M shows *. nose regiol, o( ^ r^ntty ^.^    ^ ^ ^^ ^ 

wave hav.„E a„ .pp,„ximate 6-,nc,„,adl„s at the c.„te«i„e specif.ed.     Th. body 

.h.p, ,s c„„lput.d from ma...no„ conslderations is 5hown ^ ^^  shock ^^^^^^ 

." Fig„re  ,4a.    T,,.. plo. .c.uaUy .ho„s „„„ the body puU. away fr„m the sh(>ck. 

A  .light wav,„e.s ca„ be  .„„ ,„ the body shape.     „„h „ore  pronounced 

inaccuracies  on the  enti ra\rm       Tu- J 
en,* ray..     Thus »8  due t^ the fact that a linear  fit is  presently 
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used for the %,   derivatives on the end rays.     These outermost points  should be 

disregarded for the test cases.    At the present time,   a program stop occurs when 

the first ray reaches the body (i.e.   ray closest to centerline),   and the solution is 

not carried into the body to obtain a more accurate determination of the body 

shape on the outermost rays.    Thus,   it is not presently known whether the slight 

waviness is due to the 3 point %  derivative fit,   or to possible inaccuracies in the 

mass conseivation criterion as the distance away from the centerline increases. 

The entire   JjC     derivative subroutine is now being refined,   and this refinement 

will lead to a more accurate determination of body shapes.    In the results presented 

here,   a total of Z4 rays (i. e.  A^C  divisions) were used in the computation.    As 

shown in the axisymmetric coordinate system in Figure Mb, the body shape 

closely resembles a circle.     The  shock standoff distance  is  seen to lie between 

the  computed equilibrium and frozen values,   which were obtained using the 
25 

relation of li and Geiger     .       The present solution was carried to approximately 

60°  off the centerline,   requiring a computing time of one hour and fifteen 

minutes. 

Figure   15 shows the temperature distribution in the shock layer along 4 

rays  labeled in Figure   14b.     The temperature immediately behind the shock   as 

determined from translation,   rotation,   vibrational excitation and higher electronic- 

levels is approximately  17, 500oK along a ray near the centerline (i. e.   ,*     = , 0* 

is about 3°  off the centerline).     However,   the temperature at^'= 0 at   approximately 

50° off the centerline (i. e.    X    -■ 86) is much less,    ll.OOO^K.     The most pro- 

nounced changes  in the temperature occur near the  stagnation  region %   %      = , 06) 

Since the   reactions  progress tapidly here due to the high temperature and density 

and because the local flow velocity is low.     It is «eÄn that the entire   »hock lay#r 
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is in a s.a.e of no„.q^ibPium,  at temperatures 6reatly in __ of ^ ^„.^^^ 

normal-shock result ( ^v    6200oKy. 

Figures  16.   17,   and 18 show the species distribution« in the shock layer 

around the nose cap of the vehicle.     The Squlipiuxn normal shock results are 

given a6 a reference on each figure.     These figures shouid be interpreted as 

giving the specie, concentration along a ray from the .hock ( ^  =0) to the body, 

i. e.   waiking eio„g the raynormal to the ahock ^tn the body ^ ^^     The 

eiectron conceÄtratio« m^e ,6) flhow9 an extreme gradient from the shock 

to the body,   with an over3hoot of some 7o% oVer the equilibrimT1 value for 

the .ay eloCest to the centcrline.    However,   aiong an outer ray (  *    = . 86) the 

electron    concentration is an order of magnitude les* than the .alue near the 

stagnation region.     The electron concentration gradient will have a .tron, inHuence 

not only on ga6eous radiatioa calctlUti0n9    but alao ^ the determ.nation af radar 

cross-sections. 

The chemical apecies distribution 1, shown in Fig„re3 i 7 and 18.   ^d it 

is mterestmg to note extreme overshoot in NO concentration above the equilibrium 

normal shock eolut.on (approbately two orders of magnitude).     Th18 over.Wt 

occurs on all «ya.  denoting that the entUe shock layer has an e.treme.y h1Kh 

concentration of nitric ovir4«> at ♦»»«. k.    L. 
oxide at the high noneqmhbrium temperatures discussed 

previously.      The oxygen and uitrogen atomic specie, are seen to approach 

equilibria values withm the shock layer.     However.   the 6mall oxygen moiecui.r 

specle, c.nceutr.t.0. « 8till an orcler of m^nitude ^ ^ ^^ ^ k    ^ 

When the body |. reached.     Thus,   for this typical Gentry case,   the front ^rt.o. 

of the shock layer I. .n a state cf nonequillbrium „ith la,ge 9m9m*a 0r W0 and O 

•t ctre^ely hiKh temi>e .-ature s.     This »ill give a con.iderabl, Cerent ^di.tj 

^ctuTe than thar compute fram e^librium c0n<litioÄs (i. e.  T «    <>&*'*.   *m 

sir all amount» o* NO »rd O.l 
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2.      Hypersonic Tunnel Cage 

The rapid expansion of the flow from a high temperature reservoir 

in hyperson.c test facilities may introduce ncequilibrlum phenomena in the 

.   expansion n.Z2le.     These effects wU!,.   in turn,   have an influence on the shock 

lay« around a model in the expanded flow.     Thus,   it is necessary to obtain 

a complete ftoW SQlution for the tunneUmodel ^„figuration.     Using conditions 

.     similar to U.ose encountered in hyper30nic tunnel investigations (i. e.   reservo.r 

pressure    100 atm. ,   reservoir temperature = 6000^).   the finite-rate expansion 

was computed Uj5ing a pr(>gram recently deveioped ^ CornellZ6_     The ^^^ 

nonequilibriu™ .lew cond.tions We tt8ed as inpvits tQ ^ bow shock ^^ 

The  result» chosen *s test section condition« were; 

?      =  1320K Co) = • 158 moles/orig. moie [NJ = . 689 

*   =2   5«^^ C^=1.5x10-^ [l40h    06 

^=i8.m tO;27=.084 M = 8.6xl0- 

V,   = 4.2 x JO5 cm/sec. 

Thus,   th, „„M.« c-aiMo». con.^ed of ,.rg. am„u„ts of 0 and NO in(licating 

^..zin, oi th... 8p.ci.. e,rly ,„ the expansion proces3     ^^^ i ^^^^ 

shock shape «. assl,m.4,   h,v[„g a r.diu. ^ ^ ^^ ^ approximateiy 

6 »nefc«.     TO . Wü„1<( ^au„e.  tten|   a sijt_inch ^^ ^.^ m^i ^ ^ ^^^ 

a circle. 

Figure  JQ shows the temperat«« distributiv ia the shock »aye..     Th«re 

is a marked difference in «*. disttibufio* from that catculafed for .he ZOf^OO 

-entry case.     Th,. ia *ue to t!le ,_ ^.^ ^ ^ ^^ sec4i<)n ^    ^   ^^ ft.   re 
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ot approXim,tely 250. »00 «.altitude) giving ionge, „la^tion times,   and to 

the preaenc, of large atnount, »£ O and NO in the flow,    ron the inne^ost ray 

( X = . U) the temperature .t.y. practically co„sta„t and does „ot start to decrease 

toward an equüibrium value untii the vicinity „1 the body.    Along the outer rays 

•he temperature increases slight.y,   si„ilar to an isenttüpic compression £or 

the ideal gas case,   before the chemistry begin, to decrease it.      For the 

outermost ray,   this latter effect is unnoticeable up to the point where the body 

is reached. 

This pronounced effect is ülus.rated in Figures 20. 2]>   and ^   wh.ch 

show the species distribution in the shoch layer.     The ambient oxygen atom 

concentrati»,   which is about a factor of three below the fmal e^Uibrium „orma, 

shock va,ue exists along all rays w.l, into the shoch ,ayer,   before an^crease in 

«his concentration occurs,   first aiong the ray nearest the centerline.    However 

the body is  reached weil before the equiHbri„m value is attained.    The initiai NO 

concentration fills the entire shock layer,   and begins to .„crea3e in the ^^ 

overshoot manner,    ft .s seen that the body i, reached well before the maXImum 

m this overshoot occurs,   leaving the shock layer w.th an NO concentrat.on some 

two orders of magnitude greater than m« D      ■1L   ■ greater than the equilibrium normal shock value.    The 

N   atom concentration resemh)*,« *h~ „,m   ■ 
resembles the previous case,   since the ambient value of 

N is prac.ic.lly .ere (i.e.   (N^lo^ moles/orig.   mole,    r,8ure 22 8howa the 

electron distribution around the mod,, „ose cap.    ,. is  see. that the body is 

reached we.l before the Ov.r.hoC m e^ctron C»c.„tr.«o„ would occu,      ^ 

eiec.ron concen.ra.ioi, at .be .ody is approximately on. order „f m.,nit„d. w,ow 

the equiUbrium norm.! shock value.    Thus the en«* ^ck Uyer .„„^^ 

.H= nos.  cap is  in a .ta.e of extreme no„qu,Ubri^,   at ^ r%tut„ ^ ^^ 
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than equilibrium values.     None of the chemical species have r' ' :hed their equili- 

brium values at the point where the model surface is reached.     The r     lecular 

oxygen concentration,   for example,   is  some three orders of magnitude greater 

than the equilibrium normal shock solution in the entire gaseous envelope.    From 

these computations,   the importance c^ obtairting realistic flow solutions,   both 

in the expansion nozzle and around a mojjei,   Is apparent for any gaseous radiation 

experiments. 

It is interesting to note the effect of nouequilibrium speciee in front of 

the shock on the electron formation behind it.    Worjuftl »hock solutions were 

carried out for the test section conditions,  and these results are show« in 

Figure 23.    Curve A indicates the eiectron concentratiou behind a normal chock 

in the actual finite  rate nozzle test section (i.e.   withO,   N,   NO,  O   ,   N   ,   Ar 

in front of shock),     Curve Cj hae the same initial conditipn» as Curve A,   with 

the exception that e" were included in the finite rate expansion.    In front of the 

shock,   a frozen concentyatior of 6 x 109 eiectron«/cc was computed.     It is 

seen that the electrons start at the ambient value,  and asymptotically approach 

Curve A as the distance behind the «hock increases.    The initial conditions for 

Curve C consisted of the «am« flow veiocity, temperatute and pressure as the 

preceding curves,   but only the original air composition was assumed (i. e.   Q 

N2,   Ar).     In this way,   oniy the effect of ambient nonequilibrium species on 

electron formation couJd be determined.     The  production of electrons  is delayed 

considerably,   the  concentration being some two orders of magnitude  lower 

at corresponding distances behind the shock,   for this case as compared with 

Curve  A.     Since electrons are formed th rough the  reaction  requiring the  recom- 

bination of an oxygen atom with a nitrogen atom,   the availability of these  species 
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in,m.dia..ty b,hi„d to. shock enables the elects to be fonn.d ., a much fas.e. 

rata (Curve A), 

C SUMMARY - ANALYSIS PHASE 

The ftoiM-r...,   „„.„aUshock program for a multicomponen. gas ha« 

bee. «mpjeted f„ the IBM.704 computer| and has ^^ ^ ^ ^ ^^^^ 

heipful W i. .he ev.lna.ion of relaxation zones behlnd ^  shock ^^    ^ ^^ 

varies o, „aea t.v. been „„ t, ^^ the ef£ect5 ^ ^ ^^^^    ^^ 

veIoc«y,  d„.ity,  «c.   00 the species formatIom     ^^ program ^ ^^^ 

to be ..ed a. . ..arti„g poi„t ,„ „,. mo,e complex bow shock ^^ 

The 6e«r,i Wun.-bod, prob!,™ „. e.  «.. inviscid,   „one^.ihriu^ «.. 

«" a blu», axi.y™..^ body) ha. b<!CT programmedi  and subj<|ct ^ f ,iiii 

re(i„ement.,   wU. be coveted in the neae fn.ure.    A „umber oI .... =..„ have 

bee« di.c„..ed.   showing the wo^.b.Uty oT tt. p„gram for both ee-.»,^, a„d 

r.yper.oeic-,„„„.! f« co„fieuration..    A „^.^ crder „, tor ^   ^    ^^^ 

■s being tncorporated i„to the program .„ e.i^nate inaccurate, in the e^p..«. 

body Shape..     to iddi,io„,   more s„icient „„„„^^ ,.chaiquas are ^^ 

«corpora.ed i, «he program in „rd<!r to dec„as. ^ r<)mplltmg ..^ 
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APPENDIX   -   0ETERMimTIONOPrHEEpFECTSOF 

INTERNAL REFLECTION iN THE SHOCK TUBE 

TH. .Hoc. .„., ,. Ka„ige„ ^ int_% ^ ^^ cl(emic4liy ^ ^^ 

P^,«. pu.inE „nder. th. tube very ^ to the ^^ ^      g       ^ 

feflection coefficient greater tha« . 5 . 

it has bee« mentioned in the report that tk* -«- . 
P    eport that the ««ective aperture into the 

-**«.      B.c.u.e   ^ ^^ „ ^ ^ ^  ^^ ^ the   ^^^ ^^^ 
^.^ of U,. .„.,   it l>eh.ve. „„ . ^^^ ^      ^^^ 9 i8 ^ ^^ 

0   *. „.,.. „ction of th. .,.„, .^ M tiie ^^^    ^^^^ ^ ^^^ ^^ 

- v,ew.   oPPOsite „u. rtndow ,. „„.,., ^ ^^  ^^^   ^^ ^^^ ^^^ 

»a, p!«.,.., «„. , miniBV wllich wai l,pett8di| ^ ^ ^ ^ ^ ■ 

reBm doped ^vith carbon black     ThuE    th* «r     « 
Thu*,   the reflection coefficient of this part of 

- b. o. M.    B .Wd le memioned that fcr w        ^ spectroscopic clean]ine8s 

to decease the wall reflectance      From «« f 
0m ^ f4^re l* c^ be  seen that the wall 

ol the shock tube onnriKito »u^      •    J oppc.te the w.ndow ls  now a comi>0site of ^^ ^ ^ 

the sapphire window. 

Shock tubt. rim. we„ made .^ ^^ the ^^^^ ^ ^ ^^ ^ 
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the soHd „gle .„b,e„d,d by .he ,p,ctrometer waB such as to ^^ ^ fieW 

of view on .he e.her side of .he .„he .o a„ area comple.eIy hounded hy .he 

sapphire window.     This is also shown in FigUre ,.      For .hese experi^enu 

which were performed a. . , microns,   a Dumont K.1430 ^^^^ 

P-O.omni.ipiier was nsed .„ ch.ain a he..er signai-.o-noise ra.io .han conid 

be obtained with the PbSe cells. 

Becanse .he radia.ion .rom .he gas was .he same in .he eXperimen.s 

«He ratio Of ..he .wo recorded in.ensi.ies were direc.ly reia.ed .o .he averaged 

reflection. wi.hi„ .he shoe. .„he.     The .„ec.s of varyi„8 angies o. incidence 

-si- .he .nhe,   as weU a, „oi.ipie reHecions are .hns au.oma.icaUy co^pensa- 

.«d.     Thi. average vaiue o. .he reflec.ion c„efficien. from .he wa„s was measured 

to be  0. 4 + 0. 05. 
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